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ABSTRACT
Thickness dependence and doping effect of post-
hydrogenated a-Si films are investigated. The electrical
properties of films prepared with different thickness or
thinned by etching (ion or chemical) are measured. It is
observed that there exists a critical film thickness (about
°
2000A) which separates the electrical properties into two
groups. Films with thickness greater than 2000A show a shift
of Fermi level of 0.14 eV after hydrogenation while films
°
less than 2000A show only a slight change. To explain these
results, an inhomogeneous model which appears to be the most
reasonable is proposed.
Another interesting result observed by etching
experiments is that defect states near the bottom surface of
°
our thick films( 5000A) can be cleaned up by our
hydrogenation method. This implies the existence of a fast
diffusion mechanism during hydrogenation which does not
exist in films produced by other methods.
Finally, doping effect is observed in films with
°
thickness 1000A after ion implantation of P+ ions and BF2
ions. The lowest activation energy reached is 0.4 eV (i.e. a
shift of 0.35 eV from intrinsic case) and an overall change
of 8 order of magnitudes in room temperature dark
conductivity is achieved. The highest room temperature
-4
photo-conductivity observed under AM-1 illumination is 10
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Materials that do not possess long range order are
called amorphous materials. Among these kinusof materials,
amorphous semiconductors( below, we mainly concentrated on
a-5i:H films) are the most important and interesting to be
studied. There are several common preparation methods for
amorphous silicon:
(1) Vacuum evaporation: This method is the earliest one to
be tried. Due to the high gap states in films produced by
this method, not much attention is paid to this method until
recently. The evaporation process is simple and clean. An
electron beam gun melts the material in high vacuum by high
energy electrons and the vapour of the material is collected
by a substrate placed above the gun.
(2) Glow-discharge deposition (GD): This method is the most
successful one in our field. It's films have low gap states
and good photo-conductivity. Moreover, in 1975, it has been
shown that these films can be doped effectively So, this
method becomes the standard method in the mainstream
research. The reason for the success of this method comes
from the contribution of high hydrogen concentration in the
films (usually 5-20%). Hence they are called a Si-H alloy
2)
(a-Si:ri). Despite of this advantage, the films are
tnerraally unstable and possess Staebler— Wronski effect(S— W).
(i.e. instability against light irradiation) In recent
y e a r o, i. luorinaued a—S i j H films have been produced which can
be free of S-17 effect. But still, low coating rate (usually
. 10 As) and thermal instability are the main problems of
f- Vi 1 c mo f Vi n--)
The usual technique for this method is to mix the
reactant gases (e.g. SiH4, PH3, £2 H6) first and then to
pass them into a decomposition chamber where a glow
discharge is maintained by a radio-frequency(r.f.) source at
pressure between 0.05 and 1 Torr. The resulting ions are
then deposited onto a substrate placed at one of the
£ 27]
electrodes (capacitive) or on top of a heater (inductive)
(3) Reactive sputtering: The reactant gas mixture, usually
H 2, P H 3, B 2 H g, diluted with Ar gas is introduced into a
sputtering chamber like the capacitive glow-discharge set¬
up. The target material isplacedat one of the
electrodes and the substrate on the other. When a r.f.
field is applied, gas discharge takes place and Ar ions
bombard the target, and sputter out the target material onto
the substrate. The other gases are also incoporatsd into the
films as impurities. This is the second method that produces
(28
films which can be doped. It is comparable with GD method.
(4) Chemical Vapour Deposition: It is analogous to the GD
method but thermal energy is used to decompose the gases. A
temperature of the order of 1000K is commonly used. Films
produced usually need post-hydrogenation since high
temperature suppresses the incorporation of hydrogen into
the films.
2.Hydrogenation:
As we have seen before, hydrogenation is a central
phenomenon of our field. We started our study of
hydrogenation since 1980. There are several methods of
hydrogenation but they can be classified into cwo
categories. One is hydrogenation during film's growth (e.g.
glow-discharge) and the other is hydrogenation after film's
growth (i.e. post-nyarogenation).
The main role of hydrogen in the Si lattice is believed
to be the saturation of dangling bonds. Dangling bonds are
unpaired electron states formed when only three neighbouring
silicon atoms are bonded to a silicon atom. These states are
located near the middle of band gap. With the addition of
atomic hydrogen to these unpaired electrons, naired
electrons are formed and the band gap is 'cleaned', showing
good semiconductor properties. This picture is confirmed by
measurements of gap states distribution of hydrogenated
I1)
films by field effect method and by the disappearance of ESR
(.2)
signals of hydrogenated films.
Thee remains one important question that is still
unclear. Since there is a high concentration of hydrogen in
a-Si:H, which is nearly two orders of magnitude greater than
the total free spins of the film, some hydrogen should not
be bonded to dangling bond sites. So, the question is what
the runction of these hydrogen atoms in the Si lattice can
be.
In fact, optical band gap measurements by varying
different hydrogen content showed that the optical band gap
widens when hydrogen concentration increases.This
widening of optical band gaps is believed to be related to
the amount of disorder in the films in which hydrogen
(4)
affects the band gap indirectly. So, in addition to
saturating dangling bonds, hydrogen also can make the
silicon lattice more regular.
Since lowering of valence band edge or raising of
conduction band edge can widen the optical band gap, it is
natural to ask whether movement of valence band edge or
conductor band edge is dominant. From a series of stury on
photoelectron emission, Von Roedern' drew the following
conclusions:
(i) The top of valence band recedes by as much as 0.7 eV
with increasing hydrogen content.
(2) The conduction band edge is by comparison little
affected. The maximum recession is 0.2 eV compared to its
position in unhydrogenated case.
(3) The Fermi level is pinned near valence band maximum in
a-Si films. The smallest amount of hydrogen added to the
film frees which then moves towards the middle of the
gap.
So, the movement of band edges is not symmetrical.
3•Diffusion of hydrogen in a-Si:H films:
Diffusion of hydrogen is an interesting and important
phenomenon because it is related to the thermal instability
of glow-discharge films. There are several diffusion
( Q)
mechanisms proposed. According to Street's paper, the
diffusion mechanism involves a bond-breaking of Si-H bond
which is about 1.5 e V inside the silicon lattice. (Si-H bond
energy is 3 eV in vacuum). This energy is approximately
equal to the activation energy obtained by measuring the
coefficient of diffusion. Hydrogen may be transferee from
one dangling bond to another adjacent dangling bond
directly, or it may be first released into the interstitial
site and diffuses until it is trapped by another dangling
bond site, or it may be released into the interstitial site
and is transferred through breaking of weak Si-Si bond. To
be consistent with experiments, only the first and the third
explanation are possible.






where a is the hopping distance, Nj is dangling bond
density, NH is the hydrogen density, V0 is the prefactor and
E is the Si-H binding energy. Hence DH is proportional to Np




where a is the mean free path for the interstitial. Ex is
the energy of the reaction:
0T t Si H D+ Hj+ Ez
where 0X denotes an empty interstitial site of density N0.
Another diffusion mechanisin is proposed by Beyer. 9 It
says that diffusion of hydrogen is thought to proceed via
restoration of Si-Si bonds and hydrogenation of others. So,
molecular hydrogen, instead of atomic hydrogen, is
responsible for the diffusion process.
To conclude, details of diffusion of hydrogen in
silicon lattice are not clear up to the present time and
more work is needed to check the above models.
4.Transport properties of a-Si;H films:
There are two basic electrical properties that are
usually measured for a-Si:H films. One is the dark
conductivityCcfp) and the other thermoelectric power(S). The
electronic states of a-Si:H films are more complicated than
crystalline silicon films. In addition to extended
electronic states, there exist localized states at band
tails and defect states in the band gap. So, there are at
least three different contributions to the electronic
properties of a-Si:H films. In the following, we assume the
picture of Mott-Davis model which is commonly accepted.(See
figure 31)
(i) dark conductivity: a typical dark conductivity curve is
shown in figure 32. The curve can be divided into four
parts. Each part represents a particular conduction
mechanism which is dominant in that temperature range. The
high temperature region(a) is the extended state conduction




E- E, E(°)- yT (4)
where E c is the energy which separates the extended from the
localized state (i.e. mobility edge), is Fermi level and
E(0) is the activation enerev.
(5 is the pre-exponential factor which is given by:
(
e tf(Ec) fcTc ,5)
where N(Et) is the density of states at mobility edge, jXf_ the
carrier mobility at E and $Q a constant.
The second part of the curve (b) is contributed by the
band tail and the formula of dark conductivity is given by:
w i t h
c.
aS x2
i- e T (1+ tt)
where AE is Ec -EA, E is valence band mobility edge
R the distance covered in one hop,
ppjj the phonon frequency
and W the activation energy of hopping mobility
The third part of the curve (c) is due to hopping at
gap states at Fermi level and its formula for dark
conductivity is given by:
, x%,, -2oL jc7
. 4- e r ia e. e
fc (3)
where W is the average energy for hopping,
ok is a quantity which is representative for the rate
of fall-off of the wave function at a site and R is the•
lumping distance.
The fourth part of the curve (d) represents the
contribution of gap states at Fermi level at lower
temperature where variable range hopping,is considered (i.e.
carriers tend to hop to larger distances in order to find
sites which lie energetically closer than the nearest





2 (tr) L dkT (10)
where
A 2'' g J
F (11)
So, altogether, the dark conductivity is:
6 6p++ 6~+
:c,e +6+ c,e+ ce {12)
(ii) Thermoelectric power: By measuring thermoelectric
power in the high temperature range where extended state
conduction is dominant, we can know the sign of the majority
carriers.




where and A are nearly equal to one.
From these formulae, we see that for n-type samples, Sg
0 and for p-type samples, 0.
CHAPTER 2
Previous Work 011 the same Topic:
The aim of this thesis is to study two questions:
(1) Why do our pest-hydrogenated films have an activation
energy 0.63 eV which is lower than that before
hydrogenation, namely, 0.75 eV?
(2) Can we observe doping effect of our films, which are
photo-sensitive and have low density of states?
In order to attack these two problems, we study
firstly, the thickness dependence of our films and secondly,
ion implantation of our samples with doping materials
(phosphorous and boron)
Before showing our results, we now review previous
similar work that have been done by other authors in this
field. Of course, our work is not a copy of theirs and at
least our samples are prepared by our own method.
(1)Thickness dependence of a-Si:H films:
It is found that the activation energy of undoped
and doped a-Si:H films changes when thickness of films
decreases in the range of OA to 10,000A. Activation energy
4 o
of films thicker than 10 A shows no difference. To explain
this phenomenon, two kinds of suggestions are given:
(11 12} 13)
(i).It is purely a surface effect: it assumes
that surface charges exist in surface of films causing band
bending and so activation energy can be changed. If V(x) is
the electrical potential of the film where x is measured






where g is a constant density of states m the vicinity of
3— 1
the Fermi level.(unit: cm eV)
The solution -of this equation is:
where and
(17)
A is called the Debye length and Vj is the surface potential
—2
where Qe is the surface charge density (unit: cm).
So, we can see that if g and V, are known and can
be determined. With this potential distribution, the
activation energy is:
(16)







where (5 is the bulk conductivity and 3 is surface
r nndnr' f i vi fv uhp-p x -i c n n o 1
(23)
l
So the conductivity is a combination of bulk
contribution and surface contribution, For film with
decreasing thickness, the activation, energy is expected to
chance fro
L 14, 15 16)
(ii) It is purely a bulk effect: it assumes
that there is an inhomogeneity along the depth of the films.
So the conductivity is a combination of layers with
different electrical properties. For simplicity, the film is
usually divided into two layers or three layers and
different electrical properties are assigned to them.
To distinguish between these two effects is no easy
task because the existence of surface charges and the
existence of surface layer of different properties can
always lead to similar experimental results. In order to
distinguish this, we etch our samples layer by layer in our
experiments, assuming that the etched surface remains
unchanged or its effect is not important to our
measurements.
(2)Improvement on evaporation method:
As discussed in the last chapter, traditional
evaporation method can only produce films with large density
of gap states ana large ESR signal. Inspite of this
disadvantage, evaporation has its own advantages over the
other methods. It can provide high coating rate films( 30
0 -1
As) and it does not need large amount of poisonous gases.
So in recent years, new methods are being developed to
retain the advantages of evaporation and to eliminate its
disadvantages. The main idea of all development lies in the
addition of atomic hydrogen into the film. The methods can
be roughly divided into three categories:
(i) In 1983, a german g r o u p 1 7 published a paper with
title Hydrogenation and direct-substitutional doping of
evaporated amorphous silicon films This paper gives a
r a birth of evaporation method. T ne method that was used or
developed from these authors is now called reactive
(18. 1 9,20)
evaporation.
This method uses conventional evaporation technique but
between the evaporation source and the substrate, a hot
filament is placed. During evaporation of silicon, hydrogen
gas is allowed to flow into the chamber and atomic hydrogen
formed by dissociation of hydrogen gas by the hot filament
is incorporated into the film. For doping, mixture of dopant
gases and hydrogen is used instead.
(ii) Plasma hydrogenation of films after evaporation is
(21,22)
another method that is commonly used. The plasma can
be produced by r.f. or d.c. power supply. The temperature
during hydrogenation is around 500 °C. The results of
hydrogenation show that ESR signals are greatly reduced and
photoconductivity is good.
(111) The study of post-hydrogenation is cur
laboratory's main research since 1981 when Tong's groupU3J
demonstrated that a—Si films evaporated in an ordinary
vaccum of 10 Torr can be successfully post-hvdrogenated
by treating the evaporated films in a theta-pinch hydrogen
plasma. In recent years, we use a low energy atom gun for
hydrogenation and better results are obtained. The films
produced show good optical and electrical properties,
thermally stable up to 450 °C and without Staebler-Wronski
(29)effect.
(3)Doping effect by ion implantation of a-Si:H and a-Si
films:
Doping of evaporated films is impossible before the
development of reactive evaporation. But we find chat trie
situation is not as bad as people think. A-Ge films, when
implanted to high boron level of 10 cm, show the right
sign for p-type conduction from thermoelectric power
measurement, although the Fermi -level remained near the
[2 4)__
center of the band gap• Moreover, in 1982, a group t r o m
Russia25'26 reported that indeed substitutional doping of
evaporated films is possible. After implantation, they
annealed their samples in a hydrogen plasma at 500°C. They
found that £SR signal vanishes and room temperature dark
conductivity changes by several orders of magnitude.






Corning 7059 glass is used as substrates and the
cleaning procedures are as follows:
(1) The substrates were agitated in a solution of
detergent(5% Decon 90)
(2) The substrates were put into an ultrasonic cleaner for 5
ninute s.
(3) The substrates were rinsed in water for 10 minutes.
(4) repeat (1) to (3) once.
(5) The substrates were agitated in deionized water.
(5) The substrates were put into an ultfc sonic cleaner for 5
minu t e s.
(7) The substraces were agitated in alcohol(AR grade).
(3) The substrates were subjected to vapour degreasing in a
container filled with isopropy-alcohol for 20 minutes.
(9) The substrates were heated to 220°C in an oven before
putting into coating chamber.
(ii)Evaporation of silicon:
Evaporation of silicon is done by electron beam gun.
Electrons from a hot filament are accelerated and bent by
the curved electrostatic field between the crucible and its













FIGURE 2 Structure of annealing oven
its cleaniness with no contaminments of boat's material that
is usually obtained when electrically heated evaporation
boat is used. It's disadvantage is the instability during
melting of silicon and great care and patience were needed.
The silicon powder used is 99.999% purity and the pressure
during coating was about 10 Torr. The coating rate was
rixea at 1 to 1.4 As. After evaporation, we waited for 2
hours before samples were taken out of chamber.
(iii)Annealing:
Ail annealing was done in a nitrogen surrounding at
temperature of 3 2 7 C. Normal grade nitrogen gas was used
which are dried by passing through silicon gel before
reaching the annealing oven (See figure 2). The temperature
of the oven is controlled by a temperature controller
(Shimaden SRlb). The structure of the sample container is
shown in figure 3. The annealing time was 20 minutes. The
rise and fall of temperature were usually finished within 10
minutes. During annealing, nitrogen, was flowing into the
chamber, making sure that the pressure inside the container
was greater than that of the outside surrounding.
(iv)Hvdrogenation:
The chamber for hydrogenation is shown in figure 3. The
working principle of the ion gun(Ion Tech, FAB 1INF)
is shown in figure 6. When the high voltage is turned on, a
saddle field is obtained in the cavity and electrons
oscillate along this horizontal plane up and down. When






-IGURE 3 Structure of saople container for annealing




Sample holder for hydrogenatii
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FIGURE 5 Chamber for hydrogenatior
collisions with the gas molecules due to its long mean free
path and so hydrogen ions are formed which are accelerated
to the orifice of the gun. Atomic hydrogen generated from
the ion gun hit the film just about 15 cm below the orifice
of the gun. The sample holder is attached to a movable motor
so that the holder can rotate through a controllable angle
to and fro horizontally. This oscillation of holder can
produce more uniform hydrogenation. Below the holder is
placed a halogen lamp which can heat up the holder to a
temperature as high as 700 °C. The detail of sample holder is
shown in figure 4.
Hydrogenation was done as follows:
(1) When the pressure of the chamber reached about 3x10 5
Torr, the transformer was turned on to supply power to the
halo2pn lairm to heat an the satiDle holder.
(2) Water valve was turned on to allow water flowing through
the surrounding wall of the chamber to make sure that the
chamber remains cool during hydrogenation.
(3) When temperature reached nearly 300 °C, the motor was
turned on.
(4) When temperature further reached 450 °C, the needle valve
was opened slightly to allow hydrogen to flow into the ion
gun and so the pressure of the chamber would rise.
(5) The needle valve was adjusted so that a desirable
—5
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-rr S tructure of ion gi
(6) The power supply of ion gun was then turned on and the
desirable output energy of atomic hydrogen was selected.(in
our case, 3 keV)
(7) After 15 minutes to 30 minutes, the gun was switched off
and the temperature was allowed to drop freely. Then one
hour later, the hydrogenated samples could be taken out of
the chamber.
(v)Doping:
Doping of our hydrogenated films was done by ion
implantation. The ion implanter(Varian Model 2000-1000)
was provided by the Department of Electronics of the
University. Implantation times varied from several minutes
i
to several hours, depending on the doses used. Implantation
was done at room temperature. The structure of the implanter
is shown in figure 7 (a),(b) and (c). Figure 7 (a) is the
structure of the ion source. The source gas flows through
the gas feeding tube into the arc chamber where gas
discharge is triggered by electrons emitted from the
filament. The resulting gasous ions were then accelerated by
the extraction electrode out of the gun at a mean energy of
35 keV. During the process, freon coolant is allowed to flow
around the gun for efficient cooling. The moving path of the
electron beam from the gun is shown at figure 7 (b). Firstly
the beam is bent by a pre-analyzing magnet to select the
desirable ions out (this step also ensures high purity
doping). After passing through the magnet, the ions are































































































appearonthe panelsof the modulesdesignated.
Indicator lights• O Panel ',«ltchi»S 4 for Pumpr
Vaccuin uystum of ion im planter
and finally penetrated into the samples. Figure 7(c) shows
the vacuum system of the implanter. It consists of two
independent set of pumping unit. The first pumping unit is
to pump down the ion source part and the analyzer part and
the second pumping unit is mainly for sample chamber. The
—6
pressure of cnamPer is maintained at 2- 3x10 To rr during
im plan t a tion.
In our case, we used PH3 and BF3 gas for doping. The
energy of ions used were 50 keV for P+ a n d 4 9 keV for B F J.
The thickness of our films was 1000A and the dooant
distribution was expected to be the one shown in figure 11.
After doping, the samples were annealed at 230 C in vacuum
for 20 minutes before measurements were taken.
II.Measurements:
(i)Thickness measurement:
Figure 3 shows the set up for measurement. In e
principle for measurement is by multi-beam interference
method. In the top of the film, we add a semi-transparent
silver coated glass (Corning 7u59). It purpose is to split
the beam to form interference pattern. Since the
reflectivity of this glass is near the reflectivity of the
film, we can produce fringe patcern with good contrast.
(Indeed, if a further thin silver layer is coated on the top
of the film, a step-height of 200A can be resolved.)
In spite of looking at the fringes through the
microscope, we can also take photographs by attaching a





i't i i a
lens reflection camera must be detached from the camera and
joined directly to the top of the mircoscope by a circular
connector. The set-up must be refocussed after the camera is
mounted on by looking through the window-view of the camera.
j.i.inge pattern 01 a step is shown in figure 9 and the
thickness can be rale ulai-ed Hv•
(24)
where b is the separation of the fringes and a is the
fringe's shift, 7v is the wavelength of the light source
II.qpH-
( ii)ESR measurement:
ESR signals of the films were measured at room
temperature by a JEOL spectrometer(JES-FE3X). A DPPH
solution is used for calibration. Firstly the signal of a
DPPH solution and of the carbon powder( which is diluted by
adding; HCL powder) are recorded under the same condition.
From the molarity of the DPPH solution, we can know the
absolute spins of the solution and so we can calculate the
absolute spins of carbon. Since carbon can last very long
time without change in spin signal, we can use carbon as a
substandard each time when we take measurement on an unknown
sample. Hence, we can find the absolute spin concentration
r- -i 1- ii r ly n a r.7ti o o m n 1 o c
(iii)Dark conductivity and photoconductivity measurement:
Two chambers are designed for these measurements. One
is for continuous measurements during ion etching and the
other one is for general purposes. The one for ion etching
motor
Ar gas inlt t-
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FIGURE 11 Depth profile of doping ions
is shown in figure 10, The temperature range that can be
measured by this set-up is from 300°C to -100 c, If low
temperature measurement is required, the sample holder must
be joined to the cooling cavity with a piece of copper after
high temperature measurement is taken. Tungsten wires of
about 16 cm long with diameter 0.075 mm is wired to make a
heater and a regulated DC power supply(Trio, model PR-654)
is used. The circuit is shown in figure 12 and the co-planar
conductivity is taken. The voltage across the standard
resistance was measured by a high input impedence( 1Q16Q)
electrometer(Keithley 642). By changing the standard
resistance, a range of conductivity of order 1 to 10 (QcmJ
can be measured. The electrodes were connected to the film
surface by silver paste with a separation of 2 mm. The
voltage used is normally 114 V or 50 V. The pressure of the
chamber is usually 2- 3x10 5 Torr during measurement.
Liquid nitrogen is used for cooling the sample holder. The
formula for dark conductivity is calculated by:
(25)
where V0 is the power supply voltage, V is the reading from
electrometer, R is the resistance of standard resistance, d
is the separation of electrodes and A is the cross-sectiona1
area of the film (width x thickness).
Photoconductivity of the film is measured by
illuminating the film with a white light source through a
light pipe. The distance between the end of the light pipe
light Dinp
heater electrodes
I U Li-h -r h ?t h O













Measurement set-up for thermo¬







FIGURE 12 Circuit for electrical conductivity measurement
and the film is about 1-5 cm (about 1 AMI). The photo¬
conductivity is defined by:
(26)
where Vu is the electrometer reading during illumination and
Vj is the electrometer reading in darkness.
During measurement or etching, the electrodes were
protected by placing a Corning 7059 glass on them. The
measurement procedure consisted of raising the temperature
of the film t;o 300 C and cooling down to room temperature at
a rate of 1. o Cmin.
The other set-up to measure the conductivity of the
film is similar to the above one but with one difference
(See figure 13). There are two heaters instead of one.
Thermoelectric power can then be measured because a variable
temperature gradient can be set up. The thermo-voltage is
picked up by another electrometer (Keithley 616)
with input impedance 1Q14•. In oraer to reduce
noise, contacts to the film must be heated before
measurement and the heaters are placed as far as possible
from the sample. The whole chamber must be grounded so as to
shield noise from the surroundings.
CHAPTER 4
Re suits and Discussion:
1«Thickness dependence of hydrogenated films:
A set of films whose thickness varies from 1000A to
5000a were investigated. They were annealed at 527 °C for the
same time interval of 20 minutes and hydrogenated one by one
for the same period of time (15 minutes) to ensure that same
treatment had been taken. The measurements were taken at the
end of the process.
The results are shown in table I. EA is the activation
energy that is obtained from the slope in the linear plot of
L n (5p) vs 1 T in the high temperature region and is the
pre-exponential factor obtained from the y-intercept of the
slope.
We can see that electrical properties can be divided
into two groups. The behaviour of films with thickness 1000A
and 2000A is similar and the behaviour of films with
thickness 3000A, 3700A and 5000a forms another similar
group. For the former one, both the activation energy and
pre-exponential factor increase slightly after hydrogenation
but for the latter one, both the activation energy and pre-
exponential factor decrease after hydrogenation. In fact,
within experimental error, we may consider that properties
of thin films, TH4 and TI4, change little by hydrogenation
but for thick films, TL1, TE8 and TG9, much greater change
is observed. There is an average shift of 0.14 eV of for
thes e films.
There are two possible explanations to account for this
observation. One is due to surface effect and the other is
due to inhomogeneity of the film as discussed in previous
sections.
The surface effect can be both due to the top surface
charges and the substrate-film interface charges. Both these
charges can cause band bending affecting the activation
energy. Now, since the activation energy of our post-
hydrogenated films increases from 0.64 eV to 0.77 eV as film
thickness decreases (see figure 15), so band bending of the
films is expected to have shape like figure 33 in order to
be consistent with experimental data. All three types of
band bendings shown can make Ea increase as thickness
decreases. It is probable that the top surface charges
contribute most to the shift of SA since hydrogen
concentration at the substrate-film interface is much
( 10)
smaller than an the top surface. So concentration of gap
states at the interface is high enough to pin the Fermi
level.
In order to check the effect of top surface charges
planar surface is etched away successively. Two kinds oj
etching are performed: chemical etching and ion gui
etching, in the hope that surface charges in the top surface
Ko ot-rhf=H awav and Dure bulk effect can be seen.
2•Ion Gun Etching of Hydrogenated films:
The film, TE8 (thickness= 3700A) is etched by 6 keV Ar
atoms. The angle of incidence is 60. Totally three
etchings are performed. For the first etching, a 20A layer
is etched away, for second etching, 300A and for third
etching, 60OA. After each etching, conductivity is measured
from 300 C down to room temperature (i.e. the film is
annealed at 300 C after each etching). The etching process
cannot be carried out further because the etching time is
too long for our sun to supoort. It took 30 minutes to etch
only 20QA. From the dark conductivity measurement curves in
figurel8, we see that damage by the bombarding Ar atoms can
be neglected since the curves are straight down to nearly
room temperature. The accuracy of the film thickness is
checked by measurement of fringe shift at the four edges of
the rectangular etched portion. The error is± 300A after
etching 1000A.
The results are shown in table II. We can see that
within experimental error, electrical properties of the film
before and after etching are unchanged up to an etching
depth of 1000A. The activation energy, the pre-exponential
factor and the photoconductivity are nearly the same. So,
from this, we concluded that no surface charge on top
surface can exist, since we believe that surface charge
layer cannot be thicker than 1000A.
3.Chemical etching of hydrogenated fi 1 m s:
Two films TJ2 and TJ3 (thickness= 5000A) and one film
TRl(b) (thickness= 10,000A) were used for chamical etching.
The etching solutions used were the same{ [HC1: HN03]: HF
: II 2 0= 6:2:1:4 by volume}. The etching is not polishing
but interference method shows that a layer can be etched
away by this solution. At first, we have tried HF:HNO,
solution for etching but no satisfactory results can be
obtained no matter how we change the relative proportion of
HF and HN03. If we use a solution capable of fast etching,
the film becomes porous after etching. If we use a solution
for slow etching, we indeed do not see an 3 etching effect.
This led us to think that the oxidizing effect of nitric
acid is not strong enough. Hence we replaced nitric acid by
HC1:HN03 solution. Actually, we have used the same etching
solution to etch an unhydrogenated film and a hydrogenated
film. We found that films containing hydrogen are much more
difficult to be etched than pure amorphous silicon.
Moreover, the order in mixing these solutions is important
if we want to make a uniform concentration etching solution.
In order to etch the films more uniformly, rapid stirring is
needed during etching to prevent local etching of the film.
The results of TJ2 and TJ3 are shown in table III and
table IV. The above results confirm our findings from ion
gun etching. The change of activation energy of TJ2 is from
0.658 eV to 0.662 eV after etching 1500A ana the change of
activation energy TJ3 is from 0.707 e V to 0.682 eV a r t e r
etching 1000A. Within experimental error, the activation
energy does not change very much after etching up to 4000A.
So the possiblity for a top surface charge effect can be
eliminated. But .now, from the dark conductivity curves
(figure 16 and figure 17), we see that all the lines after
nydrogenation and etching are quite straight down to room
temperature. This indicates that the concentration of defect
states in the lay e r within 1000A iron substrate-film
interface is low so that pinning of Fermi level may not be
leasible in contrast to our early conjecture. The ESR data
for TJ3 also support this view. The total number of free
spins is about 10 cm for the bottom part of the film and this
value is nearly an order lower than the unhydrogenated case.
It remains to decide whether substrate-film interface
charges exist affecting the activation energy. Firstly, if
no other factors affect the activation energy, we can show
that the interface charge cannot exist. Since to explain the
data of 7J2, whose activation energy is 0.o53 eV when it is
500UA comparing wica E= 0.857 eV before hyarogenation,
band bending must have shape like figure 34. Then after
etching, activation energy should be lower. Instead, the
activation energy of TJ2 was found to rise to 0.736 eV when
it is etched down to 500a. Hence experimental results do not
support a purely interface charge effect. In fact, the only
possible explanation involving interface charge for
hydrogenated samples is shown in figure 19- The flat portion
of the conduction band has an activation energy 0.66 eV,
instead of 0.837 eV. So, this figure indeed implies a
combination of two effects: one is the interface charge
effect, and the other is due to lowering of E of the bulk
after hydrogenation. So, there is a structural change in the
bulk.
From the above consideration, we see that bulk effect
exists. So we continue to discuss with an inhomogenous
model. To account for the data of thickness dependence, we
propose that a thin film (2000A) is composed of only one
homogeneous high resistive layer with nearly that of
unhydrogenated case and for a thick film (5000 A), we propose
that it is composed of three different layers: a high
resistive layer of 2000A at the top of the film (like the
thin one), a low resistive layer in the middle with
shifting 0.14 eV lower and finally a high resistive layer at
bottom 100OA. With electric current mainly conducting
through the middle layer which is less resistive, the E
measured would also shift down 0.14 eV. The reason for
introducing a oottom layer is to account for the slightly
increase of activation energy after chemical etching of the
thick film down to 1000a.
This inhomogenous model is further confirmed by the
ESR data. Indeed, ESR data also shows an inhomogeneity in
depth (See figure 20). The data show a rise of free spin
density on both surfaces with a broad, low free spins region
in the middle. Moreover, the data of room temperature
photoconductivity also supports this view (See figure 21)
The photoconductivities reach their peak values nearly at
the middle part of the film. With this model, the thickness
dependence and etching results can be explained.
To explain the origin of middle layer, we first notice
that the concentration of hydrogen in this layer is lower
2 0— 3
than 10 cm and it is nearly the same as density of
dangling bonds (private communication, long and Wu). So we
suggest that hydrogen in this middle layer plays only the
role to saturate the dangling bonds. When the dangling bonds
are saturated, the Fermi level can move more freely and so
it changes from a value of 0.836 e7 (unhydrogenated case) to
0.66 eV. From the experiments of Beyer as early as 1975, ion
implantation of hydrogen and oxygen ions can indeed lead to
a movable Fermi level and the explanation had also been
given. 3° According to Beyer, two different kinds of defects
exist in the band gap, namely, point defects and voids (See
figure 35). The void states 02 and A2 lie at lower energy
than the corresponding point defect states D1 and A1. During
hydrogenation, the void defects are more easily saturated
than the point defects. So the peaks of D2 and A2 diminish
while Dt and A1 change little, resulting a shift of Fermi
level from lower half of band gap to upper half of band gap.
Although the top resistive layer and the bottom
resistive layer have similar behaviour, they can be due to
different origins since we believed that the hydrogen
concentrations are different in these two regions (private
communication, Tong and Wu). To explain the origin of top
surface layer, we observe two interesting things:
(1) Hydrogen on this layer may do two things. The number of
free spins on the top surface is higher comparing with the
central part of the film inspite of its higher hydrogen
concentration. This shows that excess spins can be created
by excessive hydrogen incorporation into silicon matrix and
the saturation of dangling bonds is not the only role of
hydrogen playing in this layer. In fact, hydrogen may break
a Si-Si bond, forming a Si-H bond and a dangling bond.
(2) From the inhomogenous model, the films of 1000A- 2000A
should only consist of a high resistive top surface layer
and from the thickness dependence measurement, we know that
this high resistive layer should have activation energy near
the unhydrogenated case( 0.75 e V). New, from SINS
measurements or Canada group, we know that the concentration
of hydrogen is 20%. It is natural to assume that the band
gap is widened in this layer by hydrogen. The shift up of
the Fermi level by saturating dangling bonds and the shift
up of conduction band edge compensate each other, resulting
a only slight change in activation energy, in consistence
with thin film's data.
The existence of the bottom layer is more difficult to
explain. The dark conductivity curves and ESR show that the
number of dangling bonds is greatly decreased in comparison
with that in unhydrogenated case but the photo-conductivity
— 8 f—
is very low(= 10 YQcm)). If the density of states of this
layer is about 10 17 then substrate-film interface
charge efiect cannot be eliminated. The reason for this is
shown from the following calculations.
We use the data of TJ2. If we have a surface voltage,
say eVs, and assume the band bending is like figure 19
(since E A of 500a film is 0.736 eV, we make a guess of 0.76
eV for interface activation energy), we can calculate the
Debye length and the interface charge density Q by
assuming an uniform density of states g using equation( 7)-
The results are shown in table VI. We can see that the
Debye lengths are very long for g= 10 and g= 10. When
g= 10, is 0.69 eV from the conduction band at a
distance of 100OA above the substrate surface. So the
activation energy of film after etching to 1000A must be
greater than 0.69eV, but from our data of TJ2, E A at 1000A
17_ 3— 1
is 0.684 eV. ror g 10 cm eV, the contradiction would
be more serious. It seems that large Debye lengths with g
17— 3— 1
10 cm er cannot explain our data because the change of
activation energy should not be so small. Moreover, if the
18 —3— 1
value of g is greater than 10 cm eV, the activation
energy cannot change 0.03 e V. To conclude, we say that the
17 o— 1
data can only be explained if g is about 10 cm ev
This value of g is indeed consistent with the density of
18—3
free spins 10 cm if we assume the free spins are
uniformly distributed in an energy range of 0.1 eV near the
Fermi level.
To conclude, the rise of activiation energy of this
layer may be explained by an interface charge or a high
resistive layer whose origin is not well known.(Both pinning
of Z at unhydrogenated value and widening of band gap do
nor give reasonable explanation)
To further study the upper part of the film, we study
the time dependence of hydrogenation on thin film.
4•Time dependence of hydrogenation on amorphous silicon:
The film TH6 with thickness 1000A is used to study the
hydrogenation effect in more details by varying the tine of
hydrogenation at the same temperature. We assume that
hydrogen concentration is approximately uniform in the film.
The results of successive hydrogenation are shown in table
VII and figure 2_2} figure 23, figure 24.
The first unexpected thing to notice is that there is a
dramatic change just at the beginning of hydrogenation
.(within 10 seconds). The activation energy decreases by 0.11
e V and the Ln( (5p) vs 1 T plot becomes linear after
hydrogenation. A saturated state of the film was reached
after approximately 3 minutes of hydrogenation. So, from
this data, we think that saturation of dangling bonds is
indeed finished at an early stage of hydrogenation and it is
a fast process. This fast process led to a movable Fermi
level as discussed in previous section and it seems that
further addition of hydrogen into the film is a much slower
process and it may be related to the relaxation of the Si
lattice (becoming less random in structure).
One may note that the accuracy of this set of data is
not so good comparing with that of the previous sets since
we can see that the curves in high temperature region are
not so straight (it may be due to loosening of thermocouple
contact to sample holder during the experiment). So, the
values obtained from table VII is the average values.
5.Diffusion:
It is interesting to observe that ESR signal of TJ3 and
TRI(b) after etching to the last 1000A and 2000a is very low
when compared with the unhydrogenated case. So a fast
diffusion mechanism of hydrogen inside the film is needed to
explain the low defect states at the bottom layer of the
film. In fact, there is a large difference in ESR signals
between films hydrogenated at room temperature and those
hydrogenated at high t empera tur e( 4 50-°C)( see table V)
From the table, we can see that only 110 of spins
disappeared after room temperature hydrogenation but in high
temperature hydrogenation, the total spins are decreased by
one order of magnitude. This showed that diffusion of
hydrogen is indeed highly effective in amorphous Si network
in removing dangling baonds at high temperature.
Together with our results on the existence of a fast
diffusion mechanism, the Tong's group and Beyer
also get the same conclusion from their experiments
individually but they give different explanations. The
Canada group use a limited-flux model(trap states are
responsible for the diffusion) to account for their results
and Beyer uses the columnar micros truetures to explain the
fast diffusion.
Some light may be seen from the HREM study of a-Si :H
films by A.Chenevas-Paule and their colleagues. They
prepared their samples by sputtering onto a fused Si02
substrate at 450and plasma posthydrogenated at 400°C for
30 minutes. Their results showed that columnar
microsturctures are formed during plasma posthydrogenation.
In our case, when low energy hydrogen permeates into the
film, they are bonded to the dangling bond positions or
slowed down after going to a certain depth. So our case is
indeed like plasma posthydrogenation. If this is true, we
expect that columnar microstruetures may appear at lower
part of our films. So, further investigation on cross-
section of the hydrogenated films must be taken to give more
information about this fast diffusion.
6•Doping effect of hydrogenated films:
The series TO were evaporated to a thickness 1000A with
coating rate 5.6 As. After annealing with nitrogen at 527C
for 20 minutes and hydrogenated at 450 c for 15 minutes, the
samples are implanted either by P ions or by BF, ions,
energy or P ions used is 50 keV and the dosage ranges from
10 to 10 cm A. Energy of BF2+ ions used are 49 keV with
same range of dosage. After implantation, all samples are
annealed in vacuum at 280 °G for 20 minutes before
measurements are taken. The results are shown in figure 25
and figure 26. The lowest value of activation energy
obtained by both ions is 0.36 eV and an overall change of 8
order of magnitudes of room temperature dark conductivity is
achieved. The optimal photo-conductivity reached nearly 10
,(see figure 27 and table VIII)
To confirm the existence of doping effect, the signs of
thermoelectric power of two samples (one with P
concentration 8x10 cm and the other with BF2
concentration 8x10 cm) are checked. They indeed showed
opposite sign at 200 °C and 150°C and they also have the
correct absolute sign. A p-type wafer is used to check the
true sign of our apparatus at room temperature.
7.Properties of doped post-hydrogenated films:
One important thing to observe is that our doped films
cannot have activation energy smaller than 0.36 eV although
high concentration of doping material were injected. This
may be the effect of thickness effect (as disscussed by Ast
and Brodsky) or it may be due to the long band tail which
suppresses the further rising or lowering of E. since films
prepared by evaporation may be more random in structure.
Another interesting result is observed in the doping
effect of our films. We took one sample, doped it before
hydrogenation and post-hydrogenated it after doping. To our
surprise, doping effect is again observed. Before
hydrogenation, we get an activation energy equal to 0.53 eV
and photoconductivity very low[ log( dj, )r t= —7.6]. After
hydrogenation, we get an activation energy equal to 0.4 eV
and photoconductivity [log(dp,= -4.5] (See figure 28). This
result shows that although the concentration of dangling
bonds is high, some of the P+ ions can go into
substitutional positions and Fermi level can be moved in
contrast to Mott's 8-N rule. We think that this breaking of
Mott's rule in our case may be due to the fact that the
doping material is forced into the silicon network. So the
whole lattice after implantation may not be in the lowest
energy state(i.e. constraint) and some?+ ions can form
bonds with four silicon atoms.
The third interesting thing we have observed is that
high temperature annealing(370 C) decreases the doping
efficiency comparing with that annealed at 280 C•(see figure
29) The reason for this is still unknown since our films are
stable both thermally and against light up to 450 C before
doping. Since from the discussion of part 3 and part 4, the
role of hydrogen in 1000A thick film may be different from
the thick films, we check for the S-W effect of thin film.
The result shows that no S-W effect is observed (See figure
30) upon one AMI illumination.
CHAPTER 5
Conclusion:
Totally, three things are discussed in this thesis:
(1) To explain the thickness dependence of hydrogenated
samples, an imhomogenous model, or roughly saying, a three
layers model is postulated which seems to be the most
reasonable one among the others.It says that a thick film
(300QA) is indeed composed of three layers, two high
resistive layers which are in the top surface and'the film-
substrate interface and one lower resistive 'layer in the
middle. The formation of the top surface layer and the
middle layer is purely related to the hydrogen concentration
profile of the film. We think that when hydrogen
concentration is lower than a certain value (nearly equal to
the density of dangling bonds) hydrogen can only saturate
the dangling bonds in the band gap, resulting a middle layer
with Fermi level shift up 0.14 eV compared with
unhydrogenated case. When hydrogen concentration is greater
than that certain value, hydrogen can now both saturate the
dangling bonds and widen the band gap. This forms the top
layer with Fermi level changing only slightly.
(2) From the etching experiments, especially the film one
micron thick, we find that a fast diffusion mechanism of
hydrogen in a-Si exists. In order to explain the low free
spin density at the bottom of the hydrogenated film,
hydrogen must penetrate through more than 5000A in 30
minutes at 450 C. This is very fast compared with the
results from diffusion experiments on glow—discharge samples
where hydrogen concentration is very high originally.(35 So
atomic hydrogen propagating along dangling bonds is a
natural explanation of the fast diffusion mechanism. But
since the density of dangling bonds is of order 1019 cm3
comparing to the density of silicon 1022 cm-3, so it is hard
to imagine that atomic hydrogen can propagate along these
bonds. With this consideration, we suggest that dangling
bonds must be chained together to form columnar
microstructures and atomic hydrogen can travel through these
chains to the bottom of the film.
(3) From ion implantation experiments, we observe for the
first time the doping effect of our films. Three reasons
support our interpretation of data to be the result of
doping:
(i) The photoconductivity of our films is good~ 10
[Qcni)-1. If the increase in room temperature dark conductivity
results from implantation damages, the films cannot be
photosensitive( Indeed, after doping but before annealing,
we observed that our films are photo—insensitive).
(ii) The dark conductivity data in the high temperature
range shows a straight line in the Ln( 5i) vs 1T plot, so
that band conduction dominates.
(iii) Thermopower shows that the signs are opposite for
P doped and 3F2+ doped films, indicating that one is
electron conduction and the other hole conduction.
To conclude, there are still many work we have to do in
the future. Can our doped films make a portable calculator
run? What is the reason for the pinning of 0.4 eV of our
doped films (thickness effect or band tail effect)? Do
columnar microstruetures indeed exists? Finally, a p-n
junction has been built, showing a reverse bias resistance
to be 50 times higher than forward bias resistance at a
voltage of 2 volts. The reverse current was 4 yUA. Although
this is not yet a satisfactory device, it is a wonderful
toy.
table I
Thickness Dependence of activation energy and pre—
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The Change of Activation Energy?Photo-conductivity and Pre-
exponential factor of TJ2 after Chemical Etching
Thickness (A) E(eV) £((;s2cm)') log(Ort
5000 0.337 10221
5000 0.653 8739 -6.1
3500 0.662 10896 -5.78
9000 0.667 9117 -6-06
1000 0.684 6635 -6.5






U 1 T T7
The Change of Activation Energy, Total Spins and Pre-
pxnnnential factor of TJ3 after Chemical Etching
Th i rknes-sC A) E. feVl ,f((Qcm)') total no. of free spins
(arbitrary unit)
c AAn n 7 O A 1 A 017 9
.nnn n A« 9« 0 6 d 6.5
o n£ a o 1 9 R A 7 A
i£ rv n H_ A A 1 14 3 3 3
1 000 0. 694 354 2.5
table V
Comparison of ESR Signals between Room Temperature and High
Temperature Hydrogenation(450 C)
before after r.t. after 450 °C
by br o g e na t i on hy cir o g ena t i on hy dr ogenat ion
ESR signals 20.5 13 2.7
( o IT K H -n T f—-• U- J
table VI
The Values of Debye Length and Surface Charge Density
n'ntainpfi hv Densitv of State
_3—1 16 17 18 19
g( cm eV) 10 10 10 10
(A) 2637.9 850 269 85
— 2 10 10 1 1 11
Qe(cm) 2.688x10 850x10 2.69x10 8.5x10
table VII
The Change of Activation En er g y, Pho t o-cond uc t i v i t y arid Pre-
exponential factor of T H 6 with Time of Hydrogenation
Total time of hydrogenation(sec) E A( eV) d0(( cm)') log(5p)rrc
0 0.82 15080
3 0.83 455154 -8.34
10 0.71 24996 -7.7
30 0.77 49851 -7.56
60 0.79 26910 -7.83
300 0.81 51626 -7.63
600 0.84 43504 -7.83
900 0.34 34917 -8
table VIII
The change of activation energy, room temperature dark and
photoconductivity with doping
BFo
Cone.(cm.3) E(eV) log(Jr) log(0j)rt A(eV) log (op) log(oprt
0 0.74 -8.92 -6.66
3x1Q18 0.69 -8.28 -6.81 0.84 -9.8 -7.15
8xl019 0. 56 -5. 26 -5. 28
qx]_Q20 0. 39— 3. 24— 4. 4 3 0. 4 2 4. 3 6 5. 35
8xl021 0. 36 -2.44 -5. 38
EBa
-BF
FIGURE 14 B and bending diagram
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FIGURE2lR.t. photoconductivity of TRl(b), TJ3 and TJ2
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FIGURE 35 Beyer-Stuke model for the energy distribution of the. density
of localized states. Dj, A,: point defect levels; D2, A2:
states due to voids; E: position of the Fermi level.
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